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Abstract
A cell-free expression platform for making bacterial ribosomes was encapsulated within giant 
liposomes. The liposomes were prepared using double emulsion template, and compartmentalized 
in vitro protein synthesis was analysed using spinning disk confocal microscopy. Two different 
liposome phospholipids formulations were investigated to characterize their effects on the 
compartmentalized reaction kinetics. This study was performed as a necessary step towards the 
synthesis of a minimal cell.
Minimal cell construction seeks to assemble the smallest number of cellular components 
such as DNA, RNA and protein encapsulated in a lipid membrane necessary for life 1–6. The 
goals are advancing fundamental knowledge, testing our understanding of life and its 
origins, and facilitating engineering for biotechnology applications. In recent years, key 
developments in the construction of minimal cells have centred on integrating the 
subsystems of biology necessary for self-replication. This includes creating compartments 
(or membrane vesicles) 7, 8, enabling substrates and waste products to flow in and out of 
compartments 9, and activating complex biochemical reactions and networks inside 
compartments 10, 11. Despite these advances, the ability to co-activate the processes of 
ribosome synthesis, ribosome assembly, and translation in liposomes has not been shown. 
Such an advance is important for minimal cell development because the ribosome, which is 
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encoded by 57 genes, comprises approximately 1/3 of the genes proposed necessary for a 
protein-based self-replicating system 3.
Up to now, the inability to build ribosomes from in vitro transcribed ribosomal RNA (rRNA) 
in a way that mimics in vivo ribosome biogenesis has precluded the cell-free construction of 
ribosomes 3. However, we recently developed an integrated synthesis, assembly, and 
translation (iSAT) technology to construct Escherichia coli ribosomes in vitro. iSAT enables 
one-step co-activation of ribosomal RNA (rRNA) transcription, assembly of transcribed 
rRNA with native ribosomal proteins into functional ribosomes, and synthesis of active 
protein by these ribosomes in the same reaction 12–14. In this communication, we report the 
use of double emulsion template to generate giant liposomes 15–17 to compartmentalize 
iSAT reactions. This demonstration is important towards the systems’ integration and 
synthesis of a minimal cell 1.
With the goal of encapsulating iSAT reactions in liposomes (Figure 1A), we chose to build-
up complexity in three stages. First, we validated iSAT protein synthesis activity in the 
presence of 2% (w/v) polyvinyl alcohol 13,000–23,000 molecular weight (PVA) in test tubes 
(Supplementary Figure S1). This was necessary because PVA is used in the generation of 
liposomes, but not previously used in iSAT. Consistent with our previous studies 12–14, we 
observed synthesis of the reporter gene superfolder green fluorescent protein (sfGFP) 
following a lag time of ~0.5–1 h. It is hypothesized that this is the time necessary for rRNA 
transcription and ribosome assembly into functional particles in the ribosome free crude 
S150 extract 14. We calculated sfGFP synthesized by converting the fluorescent units into 
concentrations with a standard curve as previously described18. Approximately 3.3 μM +/− 
0.26 μM of sfGFP was produced using the iSAT system with PVA in test tubes.
Second, we proceeded to compartmentalize iSAT reactions in single emulsions to test the 
compatibility of the system in emulsion droplets. After single emulsion generation, we 
monitored sfGFP synthesis with time over a ten-hour reaction using spinning disk confocal 
microscopy. From Supplementary Figure S2, we can see that the synthesis of sfGFP showed 
a slight lag during the first ~ 0.5 h and then progressed linearly from approximately 0.5 to 6 
h. Between 6 and 8 h, sfGFP synthesis stopped with 0.51 +/− 0.06μM of sfGFP produced. 
We observed that the protein synthesis duration was longer in emulsions when compared to 
the test tube (~6–8 h versus 4 h, respectively). These data showed that single emulsions are 
compatible containers that can be used to host the iSAT system.
With these results at hand, we then generated liposomes with membranes of two different 
phospholipid compositions (1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC); and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)) to characterize and demonstrate 
the ability of iSAT to be compartmentalized. We used double emulsion droplet 
microfluidics 15, 16 to compartmentalize an aqueous phase containing the iSAT reaction 
mixture with ultra-thin volatile oil containing phospholipids (Figure 1B). Upon evaporation 
of oil, liposomes encapsulating the iSAT reaction form. We found the encapsulation process 
to be highly reproducible, with ~ 30% of the initial population generated by double emulsion 
template not bursting in a 15 h time course (or 30% yield; Supplementary Figure S3). The 
double emulsion template liposomes include crude ribosome-free S150 E. coli extract 
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containing cytoplasmic translation and assembly factors, and salts, buffers and substrates 
necessary for rRNA and mRNA transcription, ribosome assembly, and translation. Following 
liposome generation, we measured overall protein synthesis activity over time by directly 
quantifying the expression of sfGFP. Initially, we encapsulated the iSAT system in DOPC 
based liposomes (Figure 2A). Unfortunately, our initial experiments failed and we did not 
observe sfGFP synthesis. We suspect that this was due to the fact that some of the small 
molecules needed for protein synthesis, e.g. amino acids, salts, co-factors and 
phosphoenolpyruvate (PEP) could cross the membrane of liposomes. This hypothesis is 
consistent with previous results 19, 20, which showed the importance of incubating cell-free 
translation systems encapsulated in liposomes in a feeding solution.
We therefore carried out iSAT reactions encapsulated by double emulsion template 
liposomes in a feeding solution to enable protein synthesis. Figure 2B shows the resulting 
expression of the reporter gene inside the compartment, when using an outer feeding 
solution. Expression was quantified using image analysis of micrographs and, notably, all 
vesicles that do not burst show sfGFP synthesis. Figure 2C displays the different kinetics of 
compartmentalized gene expression of the iSAT reaction within liposomes without feeding 
solution and liposomes without DNA. The cell-free reaction within DOPC liposomes began 
after ~ 4 hours, and reached plateau after ~ 12 hours. Protein synthesis initiates much more 
slowly in liposomes than in test tube reactions (~4h versus ~1 h). Further, the total protein 
yield in liposomes (0.2 +/− 0.012 μM of sfGFP) is about an order of magnitude less than that 
in test tubes, which provides an opportunity for future system improvements. The negative 
control reaction without DNA did not synthesize protein.
We next investigated the effect of using POPC based liposomes on the rRNA synthesis, 
ribosome assembly, and sfGFP synthesis iSAT reaction, with and without the feeding 
solution. In contrast to DOPC liposomes, fluorescence microscopy observations showed that 
POPC based liposomes allowed protein synthesis without the feeding solution (Figure 2D). 
This may be due to permeability differences across the different membranes since POPC 
contains one saturated fatty acid tail compared to two in DOPC. It has been shown, for 
example, that permeability is different between the two compositions with POPC being less 
permeable than DOPC membrane 21, 22. Somewhat surprisingly, we observed a significant 
delay in protein expression (a lag time ~ 7 hours) when combining iSAT in POPC liposomes 
with a feeding solution (Figures 2E and 2F). One possible model that may explain the 
delayed sfGFP produced in the presence of the feeding solution is that there is some 
inhibitory molecule(s) that can pass through both the DOPC and POPC lipid layers at 
different rates. The reduced permeability of the POPC membrane extends the delayed time 
compared to DOPC membrane. Looking forward, we plan to carry out a separate 
comprehensive study to fully understand this phenomenon now that we are able to build 
ribosomes in liposomes for the first time, which was the goal of our study. Indeed, our data 
convincingly showed that the cell-free expression platform for making bacterial ribosomes 
encapsulated within giant liposomes was capable of synthesizing sfGFP. Additional images 
are shown in Supplementary Figure S4.
In summary, we report the development of experimental conditions necessary to encapsulate 
iSAT reactions into liposomes. We also measured the kinetics of compartmentalized gene 
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expression when E. coli ribosomes are produced from the transcription of its natural rRNA 
operon and assembled with purified ribosomal proteins in ribosome free S150 crude 
extracts. Toward the synthesis of a minimal cell, it is important that DNA encodes 
biomolecular machines, such as ribosomes. This will be important during self-replication of 
the information and self-reproduction of the phospholipid bilayer. Liposome division and 
liposomes fusion are also important processes during evolution 6, 11, 23, 24. Looking forward, 
our approach may be integrated with more complex designs, such as the expression of 
cytoskeletal and membrane proteins 9, 25, 26, and even encapsulation of gene circuits for 
spatial-temporal control 10, 27. To our knowledge, this is the first time that a cell-free 
transcription and translation system where a DNA molecule encoding the formation of 
ribosomes has been encapsulated in a model cell-like compartment (i.e. liposome). Thus, our 
work represents an important step towards the construction of a minimal cell.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. System illustrations
(A) Illustration of the iSAT system and its components inside a liposome. (B) Schematic of 
the microfluidic capillary device to generate ultra-thin double emulsions encapsulating iSAT 
solution.
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Figure 2. Cell-free synthesis of bacterial ribosomes in double emulsion template liposomes
(A) Confocal images of iSAT with sfGFP encapsulated in liposomes over 10 hours using 12 
mM lipid consisting DOPC/cholesterol/Rhod-PE (referred to as DOPC liposomes) at 
69.5/30/0.5 ratio with buffer solution on the outside (scale = 20 μm) and (B) feeding solution 
on the outside (scale = 20 μm). (C) Kinetics of DOPC liposomes with and without feeding 
solution. +DNA and +FS case – average size is 106.8 μm with standard error of 3.4 μm 
(n=3). +DNA and buffer case – average size is 103 μm with standard error of 1.8 μm (n=5). -
DNA and +FS case – average size is 111 μm with standard error of 2.4 μm (n=3). (D) 
Confocal images of iSAT with sfGFP encapsulated in liposomes over 8 hours using 12 mM 
lipid consisting POPC/cholesterol/Rhod-PE (referred to as POPC liposomes) at 69.5/30/0.5 
ratio lipids with buffer solution on the outside (scale = 20 μm). (E) Confocal images of iSAT 
with sfGFP encapsulated in liposomes over 10 hours using POPC lipids with feeding 
solution on the outside (scale = 20 μm). (F) Kinetics of POPC liposomes with and without 
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feeding solution. +DNA and +FS case – average size is 82.8 μm with standard error of 2.5 
μm (n=3). +DNA and buffer case – average size is 94.7 μm with standard error of 2.5 μm 
(n=3). -DNA and buffer case – average size is 97.1 μm with standard error of 0.9 μm (n=3). 
DNA concentrations of 4 nM pJL1-sfGFP and 4 nM pT7Op WT were used.
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